Microcavities with suspended subwavelength structured mirrors by Naesby, Andreas & Dantan, Aurélien
Microcavities with suspended subwavelength structured mirrors
Andreas Naesby1 and Aure´lien Dantan1, ∗
1Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
(Dated: September 26, 2018)
We investigate the optical properties of microcavities with suspended subwavelength structured mirrors, such
as high-contrast gratings or two-dimensional photonic crystals slabs, and focus in particular on the regime in
which the microcavity free-spectral range is larger than the width of a Fano resonance of the highly reflecting
structured mirror. In this unusual regime, the transmission spectrum of the microcavity essentially consists in
a single mode, whose linewidth can be significantly narrower than both the Fano resonance linewidth and the
linewidth of an equally short cavity without structured mirror. This generic interference effect—occuring in
any Fabry-Perot resonator with a strongly wavelength-dependent mirror—can be exploited for realizing small
modevolume and high quality factor microcavities and, if high mechanical quality suspended structured thin
films are used, for optomechanics and optical sensing applications.
I. INTRODUCTION
Interference effects in structured thin films are widely ex-
ploited in photonics to tailor the properties of integrated opti-
cal elements. Of particular interest are thin films patterned
with subwavelength structures, such as high-contrast grat-
ings [1] or photonic crystals [2]. There, interference between
modes propagating through the film and transverse guided
modes result in the appearance of Fano resonances [3, 4],
which can bring about remarkable optical properties, such as
broadband high-reflectivity or transmissivity, or the appear-
ance of high quality factor resonances. Such features can
be exploited for realizing a wide range of integrated photon-
ics components, e.g., optical filters [5], couplers [6], reflec-
tors [7], lasers [8–10], detectors [11], sensors [12], etc.
While such subwavelength structured films inherently dis-
play Fabry-Perot–type interferences [13, 14], they are typi-
cally integrated with standard optical elements, e.g., in linear
Fabry-Perot resonator configurations in order to enhance their
spectral selectivity, detection sensivity, or the strength of the
light-matter interaction [1–4].
In this work, we investigate microcavities with suspended
subwavelength structured mirrors and focus in particular on
the regime in which the microcavity free-spectral range is
larger than the width of a Fano resonance of the highly re-
flecting structured mirror. In this unusual regime, the trans-
mission spectrum of the microcavity essentially consists in a
single mode, whose linewidth can be significantly narrower
than both the Fano resonance linewidth and the linewidth of
an equally short cavity without structured mirror. We show for
instance that few-micron long resonators with a Fano mirror
with a moderately high-Q resonance of a thousand and hav-
ing finesse of a few hundreds at µm wavelengths can display
GHz-wide transmission features. This generic interference
effect—occuring in any Fabry-Perot resonator with a strongly
wavelength-dependent mirror—could thus be exploited to re-
alize small modevolume and high quality factor microcavities.
This is highly relevant for a wide range of spectroscopy and
light-matter investigations in which it is desirable to increase
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the strength of the light-matter interaction with emitters by re-
ducing the cavity modevolume without losing on its spectral
selectivity [15]. They would also be beneficial for laser appli-
cations involving distributed Bragg gratings and ultracompact
vertical or composite cavities [8–10].
Furthermore, these remarkably narrow linewidths are
shown to be reasonably robust with respect to wavefront cur-
vature, imperfect parallelism and finite size effects, so that
such microcavities could be realized in practice in a simple
plane-parallel geometry, without resorting to optical elements
with short focusing abilities [16–19]. There, the combina-
tion of ultrashort cavities with low-mass and high-mechanical
quality suspended structured thin films [20–24, 27] would be
particularly interesting for optomechanics [23, 28–32] and op-
tical switching applications [25, 26], as it provides a means of
increasing radiation pressure forces without reducing the cav-
ity linewidth. They would also be attractive for optical sens-
ing applications in which reduction in the resonator length and
high interferometric sensitivity are desirable, e.g., accelerom-
etry and gravitometry [19, 33–36] or pressure and ultrasound
sensing [37–39]. Finally, realizing such microcavities by in-
tegrating the structured mirror in a fiber-optic Fabry-Perot in-
terferometer could be an interesting alternative to fiber sensors
with in-fiber embedded Bragg gratings [40].
FIG. 1. (a) Schematic of a microcavity consisting of a suspended
Fano mirror (HCG) and a highly reflecting Bragg mirror. (b) Numer-
ically calculated electric field intensity at a Fano resonance of the
microcavity simulated in Sec. II. The black lines indicate the con-
tours of the HCG.
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2II. IDEALIZED 1D MODEL
We start by considering an idealized one-dimensional scat-
tering model, in which the optical resonator consists of two
parallel, absorption-free mirrors (fig. 1): a highly reflecting
mirror with amplitude transmission and reflection coefficients
r and t, and a “Fano” mirror, whose reflection and transmis-
sion coefficients result of the interference between the di-
rect transmission through the slab and a guided transverse
mode [41, 42]
rg(ω) = i
tdγ + rd(ω − ω0)
γ + i(ω − ω0) , tg(ω) =
rdγ − td(ω − ω0)
γ + i(ω − ω0) , (1)
where td and rd are the normal incidence transmission and re-
flection coefficients, and γ the width of the transverse guided
resonance mode with frequency ω0. This coupled-mode
model is known to accurately reproduce the Fano resonances
typically observed with subwavelength high-contrast grating
(HCG) or photonic crystal structures [2, 3], and can thus be
used as a simple basis to discuss the physics of Fano mir-
ror resonators. For convenience, we start by modelling the
mirrors as infinitely thin 1D scatterers, characterized by their
polarizabilities ζ = −ir/t and ζg(ω) = −irg(ω)/tg(ω), respec-
tively. We assume that the highly-reflecting mirror polariz-
ability ζ does not significantly vary over the frequency range
of interest, while the frequency dependence of ζg(ω) is pre-
scribed by eq. (1). Denoting by l the cavity length, the overall
transmission of the optical resonator is then given by
T =
∣∣∣∣∣∣ ttg(ω)1 − rrg(ω)ei2ωl/c
∣∣∣∣∣∣2 . (2)
To simplify the discussion we assume that the cavity length
l is chosen such that the guided mode resonance frequency
ω0 coincides with one of the bare optical cavity resonance
frequencies, satisfying ω0 = (c/2l)(2pip + arctan(1/ζ)), with p
an integer and c the speed of light in vacuum. We assume rg
and tg real for simplicity, and take ζ(ω0) ∼ ζ in order to mimic
a symmetric cavity.
Depending on the ratio of the free spectral range γFSR =
c/(2l) and the width of the subwavelength structured mirror
resonance γ, two regimes can be considered. Typically, “long”
cavities and mirrors with relatively broad Fano resonances
(γFSR  γ) exhibit, within the bandwidth of the Fano reso-
nance, Lorentzian cavity resonances with a linewidth given by
the “bare” cavity linewidth κ = γFSR/piζ2 (for ζ  1). By the
“bare” cavity we refer here to a cavity having the same length,
but for which both mirrors have a frequency-independent po-
larizability ζ. This regime is illustrated in Fig. 2a for a ∼ 200
µm-long cavity consisting of a highly reflecting mirror with
|r|2 = 0.99 and a Fano mirror with an optical resonance around
940 nm having a Q-factor of 20, resulting in a ratio γ = 5γFSR.
The spectrum indeed exhibits cavity modes with linewidth κ
around the Fano mirror resonance, while modes with larger
linewidth and lower peak transmission are observed away
from ω0 due to the decrease in reflectivity of the Fano mir-
ror.
However, for a short enough cavity, such that γFSR  γ, the
cavity spectrum consists in one mode only, having a resonance
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FIG. 2. Transmission spectrum of (a) 206.8 µm-long resonator
with low-Q Fano mirror resonance of 21.3 (γ = 5γFSR) and (b)
8.5 µm-long resonator with high-Q Fano mirror resonance of 900
(γ = γFSR/100). Parameters: |r|2 = |td |2 = 0.99, λ0 = 2pic/ω0 = 940
nm. The plain blue curves show the results of the transfer matrix cal-
culations, while the dashed red and dashed-dotted black curves show
the Fano mirror reflectivity |rg|2 and the bare cavity spectrum, respec-
tively. The dashed magenta curve in (b) shows the result of eq. (3).
(c) Full-numerical simulation of the transmission spectrum of a real-
istic Fano cavity (blue dots) consisting of a HCG and a Bragg mirror
with parameters similar to (b). The red circles show the HCG reflec-
tivity and the inset a zoom around the 6 pm (2 GHz)-wide resonant
transmission line.
frequency close toω0. Remarkably, the linewidth of this mode
can be much narrower than both the bare cavity linewidth κ
and the Fano mirror resonance width γ. Assuming ζg(ω0) =
ζ  1, the transmission around resonance can be shown to be
approximately given by
T (δ) ' 1
1 + F
(
δ
1−ζδ
)2 , (3)
where δ = (ω − ω0)/γ and F ' ζ4 is the coefficient of finesse
of the bare cavity. The resulting Fano resonance profile dis-
plays a linewidth γ/
√
F, which is narrower than that of the
Fano mirror by a factor given by the coefficient of finesse of
the cavity. This effective narrowing in presence of the highly-
reflecting cavity mirror can be understood by realizing that,
even though the Fabry-Perot resonator only possesses one res-
onant mode, constructive interference occurs only for photons
whose frequency detuning after ∼ √F roundtrips from the
3Fano resonance frequency is less than γ. This phase sensi-
tivity enhancement can also be seen as a general feature of
coupled resonant cavity systems [43, 44]. Figure 2b shows
the transmission of an 8.5 µm-long cavity with a Fano mirror
with Q ∼ 103, such that γ = γFSR/100. The resulting trans-
mission linewidth is ∼ 10 pm, substantially narrower than the
bare cavity linewidth of 0.26 nm and the Fano mirror width of
1.04 nm, and its profile is seen to be accurately reproduced by
eq. (3).
To assess the results obtained with the infinitely thin scat-
terer model we numerically simulate the transmission spec-
trum of a cavity similar to that of Fig. 2b, consisting in a
HCG and a multilayer Bragg mirror as in Fig. 1. We base our-
selves on the HCG structures patterned on suspended sillicon
nitride films [20, 29, 46], but note that similar results could
readily be obtained with photonic crystal structures [19, 21–
24, 27, 32, 45]. We consider a 200 nm-thick silicon ni-
tride slab (refractive index n = 2.0), in which a high con-
trast grating with a period of 779 nm and 705 nm-wide, 50
nm-deep rectangular grating fingers is etched, in combination
with a Bragg mirror consisting in 18 alternate layers of SiO2
(n = 1.455) and Ta2O5 (n = 2.041) with pi/2 thickness, and
simulate the field propagation (TM polarisation) using the fi-
nite element modeling software Comsol using periodic Flo-
quet boundary conditions. In this way, we realistically simu-
late a Fano mirror and a highly-reflecting mirror with param-
eters close to those of Fig. 2b. For a cavity length of 8.59
µm, a ∼ 6 pm-wide (∼ 2 GHz) transmission line is obtained
(Fig. 2c), thus supporting the previous analysis. Let us also
point out that the numbers chosen in this example for the re-
flectivity level (99%) and optical quality factor (103) of the
Fano mirrors are quite realistic experimentally [20, 23]. Sub-
stantially narrower linewidths could in principle be obtained,
were one to use even more reflecting mirrors [27, 29] and/or
ultrahigh-Q Fano resonances [5, 12].
III. TRANSVERSE EFFECTS
We now address effects going beyond the 1D scenario and
start by investigating the effect of the incoming field trans-
verse wavefront on the microcavity linewidth. For perfectly
parallel plane mirrors, taking the wavefront curvature into ac-
count sets a fundamental limit to the achievable finesse and
linewidth of the resonator. Such wavefront effects are par-
ticularly relevant for Fano mirrors whose structured area is
relatively small, thus constraining the incoming beam size to
avoid diffraction losses and, thereby, increasing the beam di-
vergence inside the microcavity. For the sake of concrete-
ness we assume an incoming Gaussian TEM00 mode having
its waist w0 at the Fano mirror. We take w0 to be much smaller
than the structured area in order to neglect trivial diffraction
effects. Under these assumptions the outgoing field amplitude
after the highly reflecting mirror is given by an infinite sum of
reflected components
E(r, l) =
∑
n
ttg(rrg)neikzn exp
(
− r
2
w(zn)2
)
exp
[
ik
r2
2R(zn)
− iψ(zn)
] √
2/pi
w(zn)
,
(4)
where k = 2pi/λ, zn = (1 + 2n)l, R(z) = z[1 + (zR/z)2],
zR = piw20/λ, w(z) = w0
√
1 + (z/zR)2 and ψ(z) = arctan(z/zR)
are the standard Gaussian beam parameters. The relative
transverse dephasing and reduction in reflectivity, which in-
crease for each roundtrip, will obviously lead to a broadening
of the spectrum and reduced cavity transmission, as compared
to those observed in the idealized 1D plane-wave model. The
normalized cavity transmissionT = ∫ ∞0 |E(r, l)|22pirdr is plot-
ted on Fig. 3 for the same cavities as in Fig. 2 and for two
different waist sizes of 20 and 50 µm. Figure 3a shows that
the transmission of the long cavity is substantially broadened
and reduced, even for the larger waist of 50 µm which corre-
sponds to a Rayleigh range of 8 mm. In contrast, the linewidth
of the short cavity is only slightly affected by wavefront curva-
ture effects (Fig. 3b). This highlights another practical benefit
of ultrashort Fano microcavities, for which ultranarrow trans-
mission lines can be obtained even without resorting to Fano
mirrors with focusing abilities [16–19].
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FIG. 3. (a) and (b): Transmission spectra of the cavities of Fig. 2a
and 2b, respectively, taking into account the Gaussian wavefunction
of the incoming light field. Plain (blue): plane wave case, full dots:
w0 = 50 µm, empty circles: w0 = 20 µm. For reference, dashed
(black): bare cavity spectrum, dash-dotted (red): Fano mirror reflec-
tivity.
Another transverse effect worth investigating is the sen-
sitivity of the microcavity linewidth with respect to imper-
fect parallelism between the mirrors. We still assume that
the previous Gaussian mode impinges at normal incidence (z-
direction) on the Fano mirror, but now the highly reflecting
mirror makes an angle  with the Fano mirror plane in the,
say, x-direction. Following the approach of Ref. [47], geo-
metrical considerations for the reflected field amplitudes lead
to an outgoing field amplitude after the highly reflecting mir-
ror given by
E(x, y, l) =
∑
n
ttg(rrg)nEn(x − xn, y, l + zn) , (5)
where En(x, y, z) = Ein(x cos(2n), y, z+ x sin(2n))
√
cos(2n)
is the field amplitude having experienced a wavefront tilt by
2n, xn = l/ tan()(1/ cos(2n) − 1) is the transverse walk-off
of the n-th outgoing beam, zn = l tan(2n)/ tan() is the dis-
tance travelled by the n-th outgoing beam with reference to
the direct transmission beam (n = 0). Ein is the incoming
4Gaussian modefunction at the Fano mirror. Figure 4 shows
the resonance linewidth and resonant transmission levels of
the previous 8.5 µm-long cavity with a Q = 900 Fano mir-
ror resonance, for an incoming beam waist of 20 µm and for
tilt angles which are achievable by, e.g., assembly of commer-
cial silicon nitride membranes [48]. The linewidth broaden-
ing and resonant transmission reduction are consistent with
the observation that, for small tilt angles, tilt-induced beam
walkoff corrections scale as F(/θ)2, where θ = λ/piw0 is
the Gaussian beam divergence [48]. For a given degree of
parallelism and cavity finesse, there generally exists an op-
timal waist size which minimizes the linewidth, as too large
a beam increases the dephasing due to the tilt-induced beam
walkoff, but too small a beam results in stronger wavefront
effects. Let us finally note that these effects, in particular for
high-finesse cavities, would be mitigated by the use of Fano
mirrors with focusing abilities [16–19] or a well-controlled
monolithic nanofabrication process [32].
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FIG. 4. Resonance linewidth (black dots) and resonant transmission
level (gray squares) of an 8.5 µm-long cavity with a Q = 900 Fano
mirror, for various tilt angles . w0 = 20 µm and |r|2 = |td |2 = 0.99.
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Last, as abovementioned, the finite lateral size of the struc-
tured area may limit in practice the beam waist size. However,
as the waist is reduced, the divergence of the beam increases
and coupling to other modes in the structure may induce extra
loss and broaden the Fano resonance of the structured mirror
itself [21, 22, 24, 29]. To estimate the minimum waist size re-
quired for such couplings not to play a role in a realistic struc-
ture we follow Ref. [29] and make use of Rigorous Coupled
Wave Analysis simulations [49] to calculate the variations of
the reflectivity at the Fano resonance wavelength of 939.8 nm
of the HCG simulated in Fig. 2c as a function of the incidence
angle of TM-polarized plane waves illuminating the infinite
grating structure. These variations are shown in Fig. 5; it can
be seen that the reflectivity reaches a 99% level for an angle
θ ' 0.04 radians. Equating this angle with the far-field diffrac-
tion angle of a Gaussian beam θ ' λ/(piw0) yields a minimum
waist value of w0 ' 7.5 µm. For waists larger than this value,
as considered above, such finite-size effects are thus expected
to play a negligible role.
IV. CONCLUSION
To conclude, we investigated the generic transmission
properties of a linear Fabry-Perot resonator incorporating a
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FIG. 5. Reflectivity at the resonant wavelength of 939.8 nm of the
HCG simulated in Fig. 2c, as a function of the incidence angle. The
inset shows a zoom on the small angle/high reflectivity region.
Fano mirror with a strongly wavelength-dependent reflectiv-
ity, such as can be realized with high-constrast gratings or
two-dimensional photonic crystals. We showed in particu-
lar that enhanced spectral resolution can be achieved with ul-
trashort microcavities using suspended structured membranes
in a simple parallel-plane geometry and for realistic parame-
ters. Cavities with vibrating Fano mirrors would be particu-
larly interesting as integrated devices for photonics and sens-
ing, and, if further combined with electrical actuation [46, 50],
for nano-electro-optomechanics [51].
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